BACKGROUND: Adipose tissue metabolism can be investigated directly in vivo by microdialysis and indirectly in vitro using isolated adipocytes. The in vitro studies are relatively easy to make and they give information about speci®c tissue metabolism. The in vivo studies, on the other hand, are supposed to give relevant data about tissue physiology interacting with other metabolic systems at the body level. OBJECTIVE: To investigate the concordance between the results on responsiveness to stimulation of lipolysis from in vivo microdialysis and in vitro isolated adipocytes. SUBJECTS: Altogether 22 massively obese otherwise healthy subjects (seven men and 15 women, age 41 (26 ± 55) y, BMI 51.5 (37.5 ± 73.9) kgam 2 , mean (range)) going through the gastric banding operation participated in the study. METHODS: The microdialysis study was done after an overnight fast at rest. Lipolysis was stimulated with isoprenaline that was perfused into the subcutaneous abdominal adipose tissue. Local blood¯ow was estimated by ethanol dilution method. Adipose tissue biopsy for the in vitro study was taken from subcutaneous abdominal region during the operation. Lipolysis in freshly isolated adipocytes was stimulated with different concentrations of adrenaline or isoprenaline. RESULTS: Signi®cant positive correlations were observed between the values of relative stimulation of lipolysis in isolated adipocytes and in the microdialysis study. These correlations improved after correcting for cell size or fat mass. CONCLUSION: The microdialysis study in vivo and lipolysis assay with isolated adipocytes in vitro provide concordant and complementary information of adipose tissue metabolism in the same individual.
Introduction
Adipose tissue is active in regulating energy, lipid and glucose metabolism. 1 ± 5 Several lines of evidence either in vivo or in vitro suggest that there are changes in adipose tissue metabolism in obese subjects. 6 ± 14 However, one should be cautious when drawing conclusions from in vitro studies regarding physiological situations. 15, 16 The in vitro methods have some advantages over in vivo methods, 17 since the environmental factors in¯uencing metabolism can be controlled and multiple metabolic investigations can be performed at the same time. However, isolated adipocytes have undergone treatment by proteolytic enzymes and have been removed from their natural surroundings. Thus, the advantage could, on the other hand, also be the shortcoming of the method, since the effect of local tissue factors, like blood¯ow or nervous signals, is extracted from metabolic responses. 17 Instead, using microdialysis in vivo, the results of a particular study re¯ect the metabolism of adipose tissue in its natural environment. The important advantage of the microdialysis method is the possibility to perform local manipulation and simultaneously study metabolism. 17, 18 However, the in vivo and in vitro studies are seldom done in the same subjects, and only a few studies have actually compared the results from in vivo and in vitro studies. 6, 16 The previous results suggest that in vitro measurements of fat cell lipolysis do not predict in vivo measurements. 6, 15 Thus, the purpose of our study was to investigate the association between the results from in vivo microdialysis study and in vitro isolated adipocytes.
Based on an oral 2 h glucose tolerance test (OGTT) with a glucose load of 75 g that was performed 7 ± 56 days before gastric banding operation, all the subjects were normoglycemic. The weight of the subjects was stable from the time of OGTT to the time of the gastric banding operation.
Two of the subjects had a cardioselective b-blocking medication (atenolol) not known to affect adipose tissue metabolism. However, drug treatments were discontinued for at least 24 h before the microdialysis study. The microdialysis study was carried out without local anaesthesia.
All subjects received both oral and written information on the study and they signed a written consent. The Ethics Committee of the Kuopio University Hospital and the University of Kuopio approved the study.
Study design
The subjects visited the outpatient clinic of the Kuopio University Hospital 84 ± 168 days before the operation, when basal metabolic rate and body composition were also determined. A week before the operation, the microdialysis study was carried out and blood samples for biochemical analyses were obtained. The gastric banding operation had to be postponed for one of the subjects due to an acute viral infection and so the microdialysis study was done 3 months before the operation.
Adipose tissue samples for in vitro analyses were taken during the gastric banding operation from subcutaneous (SC) abdominal adipose tissue under general anaesthesia. The biopsy was taken from the same region where the microdialysis study was performed.
Anthropometric measurements
Body composition was determined by a bioelectrical impedance method (Bioelectrical Impedance, Body comp II, Version 1.5, RJL Systems Inc., Detroit, Michigan).
Biochemical measurements
Fasting blood samples for the analyses of serum glycerol, glucose and free fatty acid concentrations were obtained before the microdialysis study, between 8.00 and 9.00 h, and for the analyses of serum glycerol and glucose also after the microdialysis study, between 12.00 and 13.00 h. Serum and microdialysis perfusate glycerol concentrations were analysed by a modi®cation of the enzyme assay method of Kather and Wieland 19 and the NADH generated was measured¯uorometrically. Serum glucose was analysed by a glucose dehydrogenase method using a special kit (Merck, catalogue no. 12193). Serum free fatty acid concentration was measured by a turbidometric analyser (Kone, Espoo, Finland). Ethanol was analysed by an enzymatic method using a special kit (Boehringer Mannheim, catalogue no 176 290) and conventional¯uorometry.
Microdialysis
Adipose tissue metabolism in vivo was studied after an overnight fast at rest using a microdialysis technique. 18, 20, 21 A dialysis membrane (cut-off point 20,000 mol wt, 13Â0.5 mm) was glued to the end of a double Te¯on tube (inlet tubing, cut off point 150 mm, outlet tubing, cut-off point 200 mm) that passes through a steel needle. The perfusion solvent enters the probe through the inlet Te¯on tube, and streams upward in the space between the Te¯on tube and the outer dialysis membrane. The dialysate then streams into the probe and leaves it through the outlet Te¯on tube via the sidearm from which it is collected.
Each microdialysis study lasted for 3 1 2 h. Three microdialysis probes were inserted without local anaesthesia percutaneously into abdominal subcutaneous adipose tissue left from the umbilicus with the help of a plastic canula (Ven¯on 1 2). The distance between the probes was 3 ± 5 cm. The probes were sterilized before the microdialysis study by immersing them in 70% ethanol solution. The inlet tubing of the probe was connected to a microdialysis pump (CMA 100, Carnegie Medicine, Sweden) and the sterile solutions of the agents diluted into Ringer's solution were continuously perfused into the tissue (1.5 mlamin). To 100 ml Ringer's solution was added 250 ml of 96% ethanol for the estimation of local blood¯ow with the ethanol escape method. 18, 22 Ethanol concentrations were analysed from the perfusate and dialysate. The changes in the concentration of the ethanol dialysateaperfusate ratio describe the changes in the local blood¯ow. 17 The dialysate was collected as 20 min fractions.
During the ®rst hour of the microdialysis Ringer's solution was perfused into the adipose tissue to monitor the basal state. The basal state was determined from the dialysate samples collected during the last 40 min of the ®rst hour. 10 mmolal isoprenaline (ISO) was infused during the second hour and 30 mmolal ISO during the last hour of the micro- In vitro studies
The adipose tissue samples from SC abdominal region were immediately placed in 0.9% saline solution. Adipocytes were isolated by the modi®cation of Ohisalo et al 23 of the method of Rodbell 24 in the presence of collagenase (0.5 mgaml) under constant shaking at 2 Hz at 37 C. The study of lipolysis was performed with isolated, intact adipocytes. 250 ml of cell suspension containing 40 ml isolated adipocytes was incubated for 50 min at the 37 C under constant shaking of 80 strokesamin. Adenosine deaminase (1 mgaml) was added in order to prevent inhibition of lipolysis 25 by the release of adenosine from adipocytes into the incubation medium. 10, 10 2 , 10 3 and 10 4 nmolal ISO or adrenaline (ADR) were used for studying the stimulation of glycerol release from isolated adipocytes. Basal and maximally stimulated (1 mmolal forskolin) lipolysis was determined. Boiling the samples for 2 min terminated the incubations. Glycerol release values are given as pmolaml of cellsamin. The relative stimulation values with each concentration were calculated by dividing stimulated glycerol release with basal glycerol release.
Reagents
Adenosine deaminase (type VIII from calf intestine), fatty acid-free bovine fraction V albumin, ( 7 )-isoprenaline HCl, collagenase (type II from Clostridium histolyticum) and GTP were purchased from Sigma Chemical Co. (St Louis, MO, USA). 7-Deacetyl-6-(Nacetylglycyl)-forskolin was from Calbiochem (San Diego, CA).
Statistics
All calculations were performed using the SPSSaWIN program version 8.0 (SPSS Inc., Chicago, II, USA). Results are given as means and standard deviations unless otherwise stated. Pearson analyses of correlation were used for the assessment of associations between the variables of interest. Partial correlation analyses were used to correct the correlations for cell size or cell size and fat mass. Results showed a similar trend for men and women as analysed separately. Thus, in the results genders have been pooled to one group.
Results

In vitro studies
The effect of isoprenaline (ISO) on SC abdominal adipocytes is shown in Figure 1 . As in previous studies, 9, 11, 14 responses to ISO-stimulated glycerol release, where 10 3 nmolal concentration of ISO results in maximal response, were modest in these severely obese subjects. This is shown especially when the responses are corrected with the basal glycerol release ( Figure 1B) .
In vivo studies
In the microdialysis study, the increase in glycerol concentration by 10 4 nmolal ISO was almost threefold compared to basal value (Figure 2A ). The concentration in dialysate did not increase with 3Â10 4 nmolal of ISO infusion, but remained constant at the stimulated level. Ethanol dilution values (%) were stable during both concentrations of ISO ( Figure  2B ). However, the dilution showed increased blood ow after the concentration of ISO was increased from 10 4 nmolal to 3Â10 4 nmolal infusion (P 0.003). Three basal values show the stabilization of local blood¯ow after insertion of the canula into subcutaneous adipose tissue during the ®rst hour of microdialysis. 
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Relative stimulation of lipolysis in vivo vs in vitro
The relative stimulation of lipolysis using 10 4 nmolal ISO in the microdialysis study in vivo was stronger than in vitro with 10 4 nmolal ISO in isolated adipocytes ( Figures 1B and 2A ). In the microdialysis study the relative increase in glycerol concentration was 2.7-fold compared to 1.9-fold stimulation with Table 2 ). The correlations corrected with cell size or cell size and fat mass were also performed ( Figure 3 , Table 2 ). After correction the Table 2 The correlations between relative stimulation of lipolysis in isolated subcutaneous abdominal adipocytes and the microdialysis study. 
Discussion
This study demonstrates for the ®rst time that measures of lipolysis in vivo and in vitro, when done in the same obese individuals, are correlated with each other. Microdialysis technique was chosen as the in vivo method because it has proven to be a relatively easy and reliable method for studying SC adipose tissue metabolism. 17, 18, 21 Microdialysis is dependent on the measurement of the local tissue blood ow 17, 18, 26 that was measured using ethanol dilution technique, found to be valid when compared to`goldstandard', the 133 Xe-washout-method. 22 In our study, there was lack of further increase in glycerol concentration in dialysate with increasing concentration of b-adrenergic agonist in the microdialysis study. The similar effect has also been shown in studies by Arner et al 20 and Stallknecht et al. 27 That could be due to the desensitization of b-adrenergic receptors, as the authors in previous studies 20, 27 speculated, as well as to lower recovery of glycerol due to increased blood ow. Local blood¯ow has been found to affect the glycerol concentration in the dialysate by delivering and clearing glycerol from the site of the microdialysis. 21, 26, 28 The increased blood¯ow was also shown in our study. Thus, it could have been possible that an increase in the concentration of glycerol with increased stimulation might not be seen because of increased local blood¯ow. We also found a large variation among the subjects in the results on the microdialysis study that could be partly due to the technical dif®culty when studying massively obese subjects and in the preparation of the probes. Despite this variation, the stimulation was clearly seen from subject. Furthermore, the concentration of the speci®c substance, glycerol in the case of measuring the stimulation of lipolysis, is determined by local production and uptake in the surrounding cells as well as by nutritive blood¯ow. 17 The variation among the subjects in issues mentioned above was one of the reasons why we used values corrected for basal glycerol release in the analyses. The in vitro responses from our study were similar to those found in previous studies in obese subjects in vitro. 7,9 ± 11 In in vitro studies the tissue environment can be carefully controlled, which is often necessary when studying speci®c aspects of adipose tissue metabolism. However, there are also disadvantages when using in vitro studies. The cells are removed from their natural surroundings, resulting in dif®culties in the estimation of the effect of local tissue factors on the metabolism. 17 The isolation procedure of the adipocytes itself may alter the metabolism. In this procedure it is necessary to use proteolytic enzyme collagenase for removing the connective tissue. 24 This and mechanical shaking during the procedure may cause some damage and breaking of large adipocytes that are more fragile than the others, 17 and causes selectivity among cells. Furthermore, there is arti®cial leaking of adenosine from isolated adipocytes 17 that may greatly alter the rate of lipolysis through its inhibitive function. However, we added adenosine deaminase into the incubation medium 25 in order to rapidly break down the leaking adenosine and prevent its effect on the experiments. Another factor that one could assume to have an effect on the experiments is the general or local anaesthesia that are used when adipose tissue biopsies are taken either during surgical operations or at the outpatient conditions, respectively. However, general or local anaesthesia has not been found to affect markedly on metabolism of isolated subcutaneous adipocytes. 29 Aware of advantages and limitations of in vivo and in vitro methods, we decided to compare them with each other as sources of information about the adipose tissue metabolism in obese subjects.
There are many studies examining the adipose tissue metabolism either in vivo or in vitro. 16, 17, 30 However, only few previous studies have been done to compare the results from in vivo and in vitro methods. 6, 15 Lillioja et al 6 examined free fatty acid turnover and lipid oxidation rates in vivo and compared the ®ndings with in vitro lipolytic rates of isolated abdominal fat cells. They found that the lipolysis in vitro increased whereas the in vivo measures regarding the whole body lipolytic activity decreased with increasing degree of obesity. Leibel and Edens 15 also studied whether the rate of reesteri®cation is affected by changes in nutritional status and the effects of weight loss on lipolytic activity in different adipose tissue regions in vivo and in vitro. They found no effect in re-esteri®cation rate in vitro, although a clear effect was seen in vivo. Furthermore, lipolytic activity increased in vivo, although contradictory receptor and subreceptor changes were found in vitro due to weight loss. Leibel and Edens 15 emphasized that caution should be taken when extrapolating the in vitro results to the in vivo circumstances and speculated that the discrepancy between the results from the in vivo and in vitro methods could be partly due to the fact that in vitro measurements do not take into account adipose tissue blood¯ow. In our study, consistent positive correlations between in vitro and in vivo methods show a good agreement of the results obtained by these two methods. Furthermore, when the analyses were corrected with cell size or cell size and fat mass, which are known to have an effect on the rate of the lipolysis, 30 ,31 the correlations became even stronger and thus con®rmed our ®nding. Based on our results, the in vitro results from freshly isolated, collagenasetreated adipocytes can be considered to give relevant information about adipose tissue metabolism and re¯ect the physiological status of adipose tissue, and in vitro isolated adipocytes and the in vivo microdialysis method used in the present study provide concordant information on adipose tissue metabolism in the same individual.
To summarize, we found positive correlations between in vivo microdialysis study and in vitro studies with freshly isolated adipocytes from SC abdominal region. Thus, studies with SC adipocytes and the microdialysis study provide concordant information of adipose tissue metabolism when done in the same individuals.
